S
elective tyrosine kinase inhibitors have shown promise in treating cancers driven by activated tyrosine kinases such as Bcr-Abl in chronic myelogenous leukemia (CML), c-Kit in gastrointestinal stromal tumors (GIST), and EGF receptor (EGFR) in non-smallcell lung cancer (NSCLC). Gefitinib (Iressa) and erlotinib (Tarceva) are selective inhibitors of the EGFR receptor tyrosine kinase currently used to treat NSCLC patients. Although most NSCLC patients express EGFR in their tumors, only a subfraction of patients with tumors dependent on EGFR for growth and survival respond clinically to EGFR inhibitors (EGFRIs). These patients appear to contain EGFR-activating mutations or have undergone amplification of EGFR gene copy number (1) (2) (3) . Similar to EGFR and NSCLC, a subfraction of gastric cancers are known to exhibit amplification at the c-Met locus. Recently, it has been shown that gastric cancer cell lines exhibiting c-Met amplification are sensitive to the c-Met inhibitor PHA-665752, suggesting that patients with c-Met-amplified tumors may respond to selective c-Met inhibitors (4) .
Why activating mutations in EGFR or amplification of c-Met predict response to targeted kinase inhibitors is not well understood (5) . For EGFR, increased affinity of mutant receptor for drug (6, 7) and altered signaling from mutant EGFR have been observed (8) , and the production of positive and negative signals that differ in time course of activity have been proposed (9) . The dependence of cancer cells on oncogenic tyrosine kinases such as activated Bcr-Abl, EGFR, or c-Met has been proposed to result from adaptations in cell circuitry that create dependence on the activated tyrosine kinase (10) . Because oncogenic tyrosine kinases sit at the top of many different signaling pathways, the key drug-induced changes that confer sensitivity and dependence have been difficult to identify and remain largely unknown.
In this study, we characterize phosphotyrosine signaling downstream of the EGFR receptor in EGFRI-sensitive and -resistant NSCLC cell lines and downstream of c-Met in the gastric cancer cell line MKN45. We use a global phosphoproteomic method to identify hundreds of downstream targets of the activated tyrosine kinases. Although other studies have investigated signaling downstream of EGFR (11) (12) (13) , our study focuses on signaling in EGFRI-sensitive cell lines. We identify large signaling networks present in sensitive cell lines, and show that the oncogenic kinase drives multiple receptor tyrosine kinases and a large downstream network that collapse upon drug treatment.
Results
Profiling Phosphotyrosine Signaling in EGFRI-Sensitive and -Resistant NSCLC Cell Lines. To understand signaling differences underlying drug sensitivity, we measured the sensitivity of seven NSCLC cell lines with different EGFR and KRAS mutational status (see Table 1 ) to the EGFR inhibitor gefitinib. Growth inhibition assays [supporting information (SI) Fig. 5A ] show that two EGFR mutant cell lines, H3255 and HCC827, are sensitive to gefitinib, with IC 50 Ͻ0.1 M, and two other EGFR mutant cell lines, H1650 and H1975, are resistant to gefitinib. The KRAS mutant cell lines H358 and H1734 are also resistant to gefitinib, with IC 50 Ͼ5 M. The EGFR WT and BRAF mutant (G466V) cell line H1666 was resistant to gefitinib, with an IC 50 value close to 4 M.
We next profiled tyrosine phosphorylation in the seven NSCLC cell lines using PhosphoScan, a recently established phospho-proteomics method (14) . The total number of tyrosine phosphorylated peptides observed as well as the number of different phosphosites and different phosphoproteins identified are shown in Table 1 . More phosphoproteins were found in the gefitinib-sensitive and EGFR mutant cell lines. Western blot analysis with phospho-tyrosine antibody (Fig. 1A) confirms that the EGFR mutant cell lines HCC827 and H3255 have stronger p-Tyr intensity, supporting the PhosphoScan results.
Signaling Associated with EGFR Dependence. We used a semiquantitative spectral counting approach (15) summing all phosphotyrosine-containing peptides observed for a given protein and comparing total protein phosphorylation between different NSCLC cell lines. SI Table 3 shows a selected set of differentially tyrosine phosphorylated proteins, and the complete phosphopeptide information is shown in SI Table 4 . H3255 and HCC827 cells show higher levels of tyrosine phosphorylation on many proteins than two other EGFR mutant cell lines, H1975 and H1650 (Table 1 and confirmed in Fig. 1 A) , possibly because of EGFR gene amplification. EGFR tyrosine phosphorylation is higher in cell lines with EGFR kinase domain-activating mutations (SI Table 3 and confirmed in Fig. 1B ) and several sites on EGFR appear to be phosphorylated only in mutant cell lines (SI Fig. 5B ). Two KRAS mutant cell lines H358 and H1734 show lower-level EGFR phosphorylation ( Fig. 1B and SI Table 3 ), suggesting mutually exclusive activation of EGFR and KRAS (16, 17) . EGFR family members Her2 and Her3 as well as c-Met showed higher levels of tyrosine phosphorylation in gefitinibsensitive EGFR mutant cell lines HCC827 and H3255 (SI Table  3 ) that was confirmed by Western blot analysis (Fig. 1B) .
Adaptor proteins differentially phosphorylated include Her3, Gab1, and Shc1, important transmitters of growth and survival signals downstream of EGFR (18) . Western blot analysis using antibodies to specific tyrosine phosphorylated sites confirm that EGFR, Her3, Gab1, Shc1, and Akt are all highly phosphorylated only in the four EGFR mutant cell lines (Fig. 1B) . In agreement with MS results (SI Table 3 ) phosphorylated Erk1/2 is present in all seven cell lines (Fig. 1B) .
The effects of gefitinib at three different concentrations on EGFR, Akt, and Erk phosphorylation in each of the NSCLC cell lines (SI Fig. 6A ) confirmed previously reported sensitivities for HCC827 and H3255 and showed that, in H1650 cells, gefitinib blocked Erk phosphorylation but not Akt phosphorylation, suggesting additional inputs to the Akt pathway, such as possible inactivation of PTEN. PTEN status was determined in the seven NSCLC cell lines by Western blot analysis, and H1650 was found to be PTEN null (SI Fig. 6B ). This is consistent with observations from glioblastoma patients, where sensitivity to EGFRIs require functional PTEN (19) . Interestingly, RAS mutant cell lines H358 and H1734 show decreased sensitivity of p-ERK to gefitinib, especially in H1734 cells, suggesting that ERK is driven by deregulated RAS in these cells (SI Fig. 6A ).
In addition to the well described signaling of EGFR to Akt and Erk, many other proteins were phosphorylated on tyrosine in mutant EGFR cell lines. Highly phosphorylated proteins include adhesion and scaffolding molecules and cytoskeletal proteins such as CTNND1, plakophilin 2, 3, 4, DCBLD2, Erbin, and occludin (SI Table 3 ). Another class of proteins highly phosphorylated in mutant EGFR cell lines are negative regulators of EGFR including Spry1, 2, 4, and Mig6. We observed Spry1 (Y53), Spry2 (Y55), and Spry4 (Y75) in H3255 and HCC827 cells but not other cell lines (SI Table 3 ). Mig6 has been reported to be a negative regulator of EGFR and may function as a tumor suppressor (20) . Mig6 is tyrosine phosphorylated at Y394 in mutant EGFR cell lines (SI Table 3 and SI Fig. 5C ), but not in H1666 or H358. Many proteins not previously known to be involved in EGFR signaling are also differentially phosphorylated between EGFR mutant and WT cell lines. Examples are: serine/threonine kinases MINK and NRK, cell cycle regulators septin 2/7/9, G protein regulators ARHGAP5, ARHGEF5, Rab7, RAB34, and lipid-binding proteins PLEKHA5, PLE-KHA6, and the cell-surface proteins LDLR and cx43.
Effects of EGFR Inhibitors on Downstream Signaling.
To quantitatively measure changes induced by the EGFR inhibitor gefitinib, we merged our immunoaffinity method (PhosphoScan) with quantitative MS method SILAC (stable isotope labeling with amino acids in cell culture) (21) . We measured the effects of gefitinib on hundreds of different tyrosine phosphorylation sites after 3 and 24 h of drug treatment in two gefitinib-sensitive EGFR mutant cell lines, HCC827 and H3255. Both cell lines gave similar results, and the results for H3255 (Table 2 and SI  Tables 5 and 6) show that tyrosine phosphorylation of many proteins decrease dramatically at 3 and 24 h after Iresssa treatment. After 3 h of gefitinib treatment, we identified 110 sites that were reduced by at least 2.5-fold, and 84 sites that were reduced by at least 5-fold (Table 2) . Western blot analysis and immunofluorescence using a phospho-tyrosine antibody supports these findings ( Fig. 2 A and B) . The majority of tyrosine phosphorylation is found at cell membrane and cell-cell junctions and is blocked by drug treatment in HCC827 and H3255 cell lines. We immediately noticed that the set of proteins showing higher phosphorylation in mutant EGFR cell lines was inhibited by gefitinib treatment. Examples are shown in SI Table 5 . As expected, EGFR phosphorylation decreased dramatically (5-to 200-fold) after gefitinib treatment. The adaptor proteins Her3, Gab1, and Shc1 all showed decreased phosphorylation by gefitinib, as did adhesion, scaffolding, and cytoskeletal proteins such as CTNND1, plakophillins, claudin, and desmoplakin 3. Fig. 2C shows Western blot confirmation of phosphorylation change for some sites in HCC827, H1666, and H3255 cell lines. Most sites differentially phosphorylated between mutant and WT cell lines responded to gefitinib treatment, whereas shared sites such as Stat3 (Y705) in general did not respond.
SILAC experiments also identified decreased phosphorylation on many proteins not previously associated with the EGFR signaling pathway. For example, the MAGUK family proteins DLG3, SAP97, and MPP7 all showed dramatic dephosphorylation upon drug treatment. These proteins cluster active NMDA receptors together at the neuronal synapse and play organizational roles in the assembly of membrane specializations such as tight junctions (22, 23) and could conceivably serve to cluster activated receptor tyrosine kinase and other activated signaling molecules. Other proteins effected by drug treatment include the protease CPD, the Ser/Thr kinase MINK, surface protein CD46, LDLR, transcription regulator calgizzarin, EBNA-2 coactivator, and other proteins of unknown function such as LISCH, LISCH7, CRIP2, and LMBRD2.
Inhibiting EGFR with gefitinib also inhibited phosphorylation of Her2, Her3, and c-Met. These results were confirmed by Western blot analysis (Fig. 2C) . Interestingly, c-Met phosphorylation was inhibited only in gefitinib-sensitive mutant EGFR cell lines. In H1666 cells, Met is not phosphorylated and is not down-regulated by gefitinib treatment (Fig. 2C) . Furthermore, c-Met associates with EGFR in HCC827 and H3255, and the association is decreased by gefitinib treatment (Fig. 2D) , possibly because of the reduced level of c-Met after gefitinib treatment. Control IgG did not pull down either protein in coimmunoprecipitation experiment (SI Fig. 6C ). In the gefitinib-resistant and EGFR mutant cell line H1650, c-Met is not associated with EGFR and is not phosphorylated (Fig. 2D) . Several other RTKs including EphA2, EphB4, and Tyro3, also showed decreased phosphorylation at tyrosine sites after 24 h of gefitinib treatment (SI Table 6 ). Surprisingly, although we observed phosphorylation of many nonreceptor tyrosine kinases including Src, FAK, Lyn, and Pyk2, their phosphorylation was not decreased by drug treatment (SI Fig. 7 and Table 6 ), suggesting they are not drug sensitive. Although Stat3 acts downstream of EGFR (13), as measured by PhosphoScan-SILAC, Stat3 phophorylation at Y705 did not change upon gefitinib treatment in both HCC827 and H3255 cells (SI Table 6 ) and was confirmed by Western blot analysis (Fig. 2C ).
Signaling Networks Downstream of c-Met. To explore whether similar changes occur in other RTK-dependent cell lines, we investigated a c-Met-driven gastric cancer cell line, MKN45, where genomic amplification of c-Met confers sensitivity to the c-Met inhibitor PHA-665752 (4). We profiled MKN45 cells using phosphotyrosine PhosphoScan and identified 516 nonredundant phosphosites from 355 phosphoproteins (SI Table 7 ). Many proteins phosphorylated in HCC827 and H3255 cells were also phosphorylated in MKN45 cells, including EGFR, Her2, Her3, etc. PhosphoScan (SI Tables 4 and 7) and Western blot analysis ( Fig. 3 A and B) show that MKN45 cells, like HCC827 cells, express both c-Met and EGFR but respond differently to EGFR and c-Met inhibitors as assessed by cell growth inhibition assay (SI Fig. 8 ). MKN45 cells respond dramatically to the c-Met inhibitor Su11274 (24) but not to gefitinib, whereas the EGFR mutant cell line HCC827 responds to gefitinib but not to Su11274. We next performed PhosphoScan-SILAC experiments to characterize tyrosine phosphorylation in Su11274-treated MKN45 cells (SI Table 8 ). In agreement with Western blot analysis (Fig. 3A) , the majority of identified phosphotyrosine sites decreased dramatically with Su11274 treatment (Table 2  and SI Tables 5 and 8 ). Of 793 tyrosine phosphorylation sites identified at 3 h of Su11274 treatment, 423 sites decreased Ͼ5-fold. The majority of sites that changed with gefitinib treatment in H3255 cells also changed with Su11274 treatment of MKN45 cells, revealing networks that overlap extensively in the areas of adhesion and cytoskeletal reorganization, vesicle trafficking, and survival and proliferation ( Fig. 4A and SI Figs. 9 and 10) .
Western blot analysis confirmed changes in many sites identified in our PhosphoScan-SILAC analysis (Fig. 3B) . Src family tyrosine kinases, although highly phosphorylated, were not significantly inhibited as observed in EGFR-dependent cell lines (SI Fig. 7A ). Su11274 inhibits phosphorylation of EGFR, Her2, and Her3 in MKN45 cells but not in HCC827 or H3255 cells (Fig.  3B and data not shown) . Coimunoprecipitation experiments (Fig. 3C and data not shown) show that Met, EGFR, and Her3 appear to interact or exist in a protein complex in MKN45 cells. Tyrosine phosphorylation of Ron, DDR1, EphA2, and Tyro3 also decreases after 3 h of treatment with Su11274, suggesting that c-Met regulates the phosphorylation of multiple receptor tyrosine kinases in MKN45 cells (Fig. 4B and SI Table 8 ). Sites on receptor tyrosine kinase inhibited by Su11274 all occur on the activation loop (Fig. 4B) .
Discussion
Quantitative and semiquantitative MS/MS comparison of EGFR mutant and WT EGFR cells identified a large network of activated signaling molecules sensitive to EGFRIs present in EGFR mutant cells but not in WT EGFR cells. The signaling networks activated and assembled by mutant EGFR are blocked by EGFRIs in sensitive cell lines and provide insights into the unique dependence and drug sensitivity these cell lines demonstrate. We also show similar effects in a gastric cancer cell line, MKN45, dependent on amplified c-Met. As observed for EGFR cell lines, c-Met also assembles a large signaling network that is blocked by treatment with the c-Met inhibitor Su11274, and this network shares many signaling components with the gefitinibsensitive network that may underlie common aspects of drug sensitivity.
Our studies also show that amplified c-Met drives the activity of EGFR family members and, conversely, that mutated and amplified EGFR can drive c-Met activity. In both cases, we find that the oncogenic kinase sits at the top of a hierarchical network driving the phosphorylation and activity of additional receptor tyrosine kinases, potentially explaining why in these cell lines the inhibitors so effectively block Akt phosphorylation and downstream survival signaling. This relationship may also explain the perplexing observation that EGFR-and c-Met-dependent cell lines express many other phosphorylated and presumably active receptor tyrosine kinases that could substitute survival signaling to Akt and ERK pathways and render EGFR and c-Met inhibitors ineffective (25) .
Although most tumors responsive to EGFRIs carry EGFRactivating mutations, these mutations alone may be insufficient to drive high-level EGFR signaling and dependence on EGFR. Of the four mutant EGFR cell lines we examined, all contain additional genetic alterations that boost EGFR signaling, and some of these changes also confer resistance to EGFRIs. For example, both HCC827 and H3255 exhibit amplification at the EGFR locus, dramatically enhancing EGFR signaling, whereas H1975 carries the T790M mutation that, when combined in cis with L858R or del746-750 mutations, boosts EGFR signaling (26) . The T790M mutation also confers resistance to gefitinib by blocking drug binding (SI Fig. 11 and ref. 27 ) but not to the irreversible EGFR inhibitors EKB569 and CI-1033 (SI Fig. 11 A  and B and ref. 28 ). For these reasons, H1975 can be considered dependent on EGFR signaling and sensitive to EGFRIs, consistent with signaling similarities to other sensitive cell lines (Fig.  1B, SI Fig. 11C , and SI Tables 3 and 4 ). H1650 cells have inactivated the tumor suppressor PTEN, amplifying EGFR signals through enhanced PI3K signaling. The resistance of H1650 to EGFRIs may result from the absence of a EGFRorganized network (SI Fig. 11C ) and the presence of parallel RTK activity as observed in glioblastoma (29) . Taken together, our data suggest that drugs targeting a single kinase will be most effective when the targeted kinase assembles and uniquely controls the downstream signaling networks as observed in HCC827, H3255, and MKN45 cells.
Because drug-sensitive cell lines studied here were derived from late-stage disease, the altered signaling networks identified may result from changes underlying both early and late aspects of cancer development. Activation of c-Met has been associated with metastasis, and many elements shared between H3255 and MKN45 signaling networks may represent pathways important for cell adhesion, motility, and invasion. The observation that EGFR drives c-Met and that gefitinib blocks both EGFR and c-Met signaling may explain important clinical benefits in patients with tumors driven by similar signaling networks. 
